The development of large area xenon drift chambers as imaging systems for the Advanced Gamma-Ray Astronomy Telescope Experiment (AGATE), sensitive in the energy range 20 MeV -100 GeV, is presented here. AGATE is visualized as the successor to the Energetic Gamma Ray Experiment Telescope (EGRET) on the Compton Gamma-Ray Observatory, and will add to the wide range of important results currently being obtained by EGRET. Experiments were carried out with a laboratory prototype consisting of a stack of sixteen 1/2 m x 1/2 m active area drift chambers using both xenon and argon gas mixtures. The spatial resolution of the drift chamber stack was measured with a multi-wire readout plane using atmospheric muons traversing the active volume. A spatial resolution of about 0.23 mm was measured with drift chambers using xenon-methane gas mixtures. The experiments with the argon-isobutane gas mixtures yielded a spatial resolution of about 0 .14 mm.
I. INTRODUCTION
The Energetic Gamma-Ray Experiment Telescope (EGRET) (sensitive in the energy range 30 MeV -30 GeV) on the Compton Gamma-Ray Observatory (CGRO) has yielded a broad range of important new results, leading to a better understanding of many high energy astrophysical phenomena. A catalog of the sources detected by EGRET during its all-sky survey in the first 18 months (Phase 1) of operation may be found in [1] . Detected sources include solar flares, the Large Magellanic Cloud, 5 pulsars, 25 high confidence detections of active galactic nuclei (AGN), 13 marginal AGN detections, and 5 gamma-ray bursts. A description of some of these and other results may be found in references [2] [3] [4] [5] [6] [7] . In addition, a large number of sources detected by EGRET remain unidentified, primarily in the Galactic plane. These sources could be AGN, previously undetected in the radio, or nearby point-like concentrations of atomic/molecular gas, possibly associated with regions of enhanced cosmic ray density such as supernova remnants [8] . Some of these sources may very well indicate the presence of new classes of gamma-ray sources.
The EGRET instrument is expected to continue operating for another 2 to 3 years. The wealth of new results obtained from EGRET is the primary motivation for a new instrument that will continue the study of the high energy gamma-ray sky in the extended energy range 20 MeV -100 GeV. In order to further improve on its performance, it is desirable that the new instrument have higher sensitivity, improved angular resolution and an extended energy range. Higher sensitivity, by about a factor of 5 to 10 compared to EGRET, will permit observations of gamma-ray source intensity variations on shorter time scales or 1. USRA Research Scientist 2 / SPIE Vol. 2305 shorter observations of a larger number of sources with the same sensitivity. A factor of 2 to 5 higher angular resolution than EGRET, will allow source position determinations of unidentified sources with greater accuracy. This will facilitate optical or radio searches for counterparts. A substantial improvement in angular resolution requires a track imaging detector with rapid response, high spatial resolution, and distributed pair production material to minimize the scattering per trajectory measurement. the four major systems: the anticoincidence dome, the drift chamber stack, the trigger/time-of-flight scintillators, and the CsI crystals of the energy measurement system. See references [10, 11] for more details.
The design of the AGATE (Advanced Gamma-Ray Astronomy Telescope Experiment) instrument will take these factors into account, but will follow the tradition of the three successful gamma-ray satellites SAS-2, COS-B, and EGRET. The AGATE instrument will be much larger in size than the earlier instruments, with a geometric area of more than 4 m2. The greatest challenge in the development of a successful high energy gamma-ray instrument is the unambiguous detection of the rare gamma-rays in the high background of energetic charged particles of all types coming from all directions in space. Improved angular resolution and hence improved sensitivity is only true if the instrumental background is very low. The earlier instruments have been able to achieve this successfully by using an imaging type of high energy gamma-ray telescope with [11] . This paper concentrates on the track imaging system of AGATE.
The track imaging system of AGATE is currently envisioned as a stack of 2 m x 2 m drift chambers with total depth of pair conversion material of 0.5 radiation length. The improvement in sensitivity and gamma-ray angular resolution of the track imaging system that is needed cannot be obtained by simply scaling up the EGRET spark chambers. This is mainly because the angular resolution is limited by the spatial resolution, which is about 1.2 mm for EGRET. Also, as the detector area and the gamma-ray trigger rate increase, the recharge time of the high voltage pulser in a spark chamber leads to very high instrument dead times. Drift chambers, on the other hand, are ideally suited for such a track imaging detector. They have good spatial resolution and can have an area of several square meters. Besides, they are relatively simple and inexpensive to build and have comparatively low power consumption. Several hundred layers of drift chambers can be used for the powers typically available for spacecrafts. The smaller radiation length per layer leads to smaller multiple scattering per layer, thereby improving the angular resolution. Xenon gas can be used as the detector medium on account of its high atomic number (Z=54) . High energy gamma-rays interact with the gas primarily via the pair production process. Drift chambers have been used successfully in many high energy physics experiments [12] [13] [14] . Xenon gas has also been used in the proportional chambers of X-ray telescopes such as XTE (X-ray Timing Explorer), Ginga, and HEAO (High Energy Astrophysics Observatory). The use of thin metal foils between drift chambers is also being considered.
The feasibility of the AGATE track imaging system was tested in the laboratory using a prototype consisting of 1/2 m x 1/2 m drift chamber stacks. A xenon gas purification and recovery system was constructed and successfully operated. Extensive laboratory tests of the drift chamber performance using atmospheric muons were conducted in order to estimate the position resolution. A data acquisition system and track fitting routine were developed and tested. The results obtained with this prototype instrument are described in the following sections.
II. EXPERIMENTAL SETUP
11.1 Drift chamber frame design and stack assembly.
The track imaging system was made up of a stack ofsquare 1/2 m x 1/2 m drift chambers with rectangular drift cells formed by three parallel grids of wires. Fig. 2 shows a schematic drawing of the cross-section of the drift cells. A drift cell consisted of an anode at positive high voltage (HV), bounded on either side by two cathodes held at negative HV. A set of 21 uniformly spaced field shaping wires were located 5 mm above and below the anode and cathode planes and had potentials that varied from ground adjacent to the anodes to negative HV adjacent to the cathode. A shorter separation between the field shaping wire plane and the anode/cathode plane will be used in the future. The distance from the cathode to the anode was 20 mm. The 0.02 mm diameter anode wires and the 0.1 mm diameter cathode wires were soldered onto G-10 frames using a high precision jig, with an accuracy of better than 0.05 mm. The 0.1 mm diameter field shaping wires were soldered to printed circuit boards which included resistor divider chains to set the potential of these wires. There were 11 adjacent drift cells in each drift chamber frame. A stack of 16 such frames was used as the track imaging system. 7 of the 16 frames were constructed with a half drift cell offset to resolve the "left/right" ambiguity caused by not knowing whether the electrons drift towards the anodes from the left or right part of the drift cell [12,13] (see Fig. 5 ). 3 shows the schematic of the 1/2 m x 1/2 m drift chamber assembly. The 16 drift chamber frames were stacked vertically into 3 groups of 4, 8 and 4 frames. The three groups were separated from each other using metallic spacers. Each pair of frames were separated by a plane of aluminized mylar stretched on aluminium frames, which acted as the equal potential plane (EPP), isolating each frame electrically from its neighbours above and below. The EPP was held 4.7 mm above the field shaping wires using metallic spacers. The entire stack was mounted on a metal base plate using four tension rods. The total stack height was about 50 cm. Of the 16 drift chamber frames, 2 were constructed out of aluminium. This was mainly to test the feasibility of using aluminium frames, which is a better choice of frame material than G-1O on account of its light weight and low outgassing property. The drift chambers were stacked to provide 13 x coordinate measurements and 3 y coordinate measurements. The predominance of x coordinates allowed the cosmic ray tracks to be imaged more accurately, giving a better measure of the spatial resolution.
The alignment of the 1/2 m x 1/2 m drift chamber frames, as they were assembled into a stack, was crucial for providing an accurate measurement of the spatial resolution. A three-point alignment provided by vertical rails external to the stack was used for the assembly, resulting in a frame alignment error of less than 0.04 mm. These small offsets were determined from the reconstructed muon tracks and were accounted for in the event analysis software.
Trigger system and readout electronics
The drift chamber stack was tested using atmospheric muons. Charged particle tracks produced by atmospheric muons were imaged using the track imaging system described above. The drift chamber stack assembly provided two coordinates for the position of each point of interaction, one coordinate being determined by the drift time, and the other by the height of the drift chamber anode wire layer on the stack. The frames providing the x coordinate measurement were used for the tests. The trigger system used two sets of three plastic scintillator strips 15 cm x 50 cm that covered both the top and bottom surfaces of the stack assembly. The strips were oriented parallel to the anode wires that provided the x coordinate measurement.
Each strip was connected to two photomultiplier tubes (PMT) to read out the signal, as seen in Fig. 3. SPIE Vol. 2305/5 A coincidence signal between any one of the three strips at the top with the corresponding strip below it provided the drift chamber trigger. The timing of the strips relative to each other was adjusted with variable delay.
The front end electronics used to read out the anode signal was the LeCroy drift chamber amplifier and discriminator card (2735DC). The scintillator coincidence provided a common stop to time-to-digital converters (LeCroy 2277) and the discriminator output provided the start signal. The event position was calculated using the estimated drift velocity. The accuracy of the drift velocity was improved as part of the data analysis. High voltage was supplied to the anodes, cathodes and field shaping divider chain using a Bertan current limited high voltage power supply (375X). The anode voltage was between 1300 V -1500 V, and the cathode voltage was set to -1400 V for the results described here.
Drift gas mixture
The performance of the drift chambers was tested using both argon and xenon, mixed with different molecular gases to achieve a higher electron drift velocity than that in the pure gas. The addition of a molecular gas increases the drift velocity of the ionization electrons as they lose energy more efficiently by inelastic collision with the molecules rather than by elastic collision with the noble gas atoms [15] . Consequently, they thermalize faster and have a higher drift velocity. The electron diffusion rate also depends on the relative concentration of the gas mixture components [15, 16] . While pure xenon has a drift velocity of 0.16 cm &s , the addition of 10% methane (CH4 ) increases the drift velocity to more than 2.4 cm ps1 at 1 kV cm1 atm1 [15] . Similarly for argon, the addition of 15% isobutane increases the drift velocity to more than 4.2 cm ps1 at 1 kV cm1 atm1 [13] .
The drift chambers were first tested with a mixture of 85% argon and 15% isobutane at 1 atm. The resuits obtained provided a comparison for the drift chamber operation with xenon. For the xenon experiments, a gas mixture of 90% xenon and 10% CH4 at 1 atm was used.
11.4 Gas purification system Fig. 4 shows the schematic of the gas handling and purification system that was used for the drift chamber runs. The commercially obtained xenon used for the experiments needed further purification in order to reduce the concentration of impurities in the gas. Electronegative impurities, if present in the gas, attach to the drifting electrons produced by the ionizing radiation, and form heavier ions. The drift time of these ions is much slower than that of the electrons, and is ignored by the measurement system, causing a reduction in the total signal. A commercial chemisorption device (Oxisorb, MG Industries) was used to purify the xenon as it flowed into the chamber housing the drift chamber stacks. The Oxisorb also functioned as a molecular sieve as it is filled with synthetic zeolites, and was capable of reducing the impurity concentration to below 0.1 ppm. At the end of each experiment, the xenon was recovered using a bath of liquid nitrogen around two stainless steel high pressure cylinders. Fig. 4 also shows the provision for using argon and isobutane for filling the drift chamber vessel. No purification was needed for argon, isobutane or CH4. The mixing of xenon-C114 and argon-isobutane was done directly in the vacuum chamber. The vacuum chamber housing the drift chamber stacks was constructed out of stainless steel. It had a circular cross-section large enough to hold the drift chamber stack, and a hemispherical dome. Several ports along the circumference were used to supply the high voltage and read out the signal. The entire system was pumped out using a turbo-molecular pump together with a roughing pump. A vacuum of 2 x iO Torr was typically achieved prior to filling.
III. DRIFT CHAMBER RESULTS AND DISCUSSION
An atmospheric muon traversing the active volume of the drift chamber stack assembly ionizes the gas to produce electron-ion pairs along its track. The track of the muon is sampled by the 13 layers of drift chambers oriented along the x axis. The electrons drift towards the nearest anode under the influence of the applied electric field, thereby inducing charge on it. Near the anode the field is very high, and amplification of the charge occurs with typical gains of a few times i03. The drift time of the electrons are measured by the TDCs, and depending on which anode registers the event, the x coordinate can be deduced from the measured time. The drift time is converted to a drift distance, to first order, using an average value for the electron drift velocity in the gas. A non-linear correction is later added to the drift distance to correct for the non-uniform drift velocity close to the anode wires where the electric field is very high. The anode location plus or minus the drift distance gives the x coordinate. The zcoordinate of the particle trajectory is obtained from the position of the frame on the stack.
The data for each event contains a list of "hits" consisting of a frame address, an anode address, and a drift time. The event analysis is done in two steps. The first step removes any spurious hits due to noise, multiple hits on different anodes of the same frame and/or multiple hits on the same anode and frame. This is done using a rough approximation to the track direction obtained by fitting a straight line to the hits using only the frame and anode information. The fit is made by weighting multiple hits inversely by the number of hits on the frame. Hits farthest from this line are then deleted and the fit is redone with the new set of points. This process is repeated until there is only one hit per frame. In the second step of the analysis a straight line is fit to the remaining hits, selecting the line that has the minimum x2. The error introduced in the conversion of drift time into distance due to the non-linear drift velocity in the radially symmetric drift field close to the anode wires is also taken into account [17] . Fig. 5 shows the reconstructed track of an atmospheric muon traversing the drift chamber stack during a typical run with xenon-CH4 mixture. Of the 13 x frames, 10 were used for the analysis, because the two aluminium frames and one other frame had to be disabled due to high voltage breakdown problems. The drift field at regions far from the anode wire was 500 to 700 V cm atm for the runs with both xenon-CH4 and argon-isobutane gas mixtures. Each reconstructed track was used to calculate the residual, that is, the measured track position minus the best fit track position. Several runs were made with xenon-CH4 and argon-isobutane mixtures to obtain a large event statistics. Fig.6a and 6b shows the distribution of residuals for the runs with xenon-CH4 and argon-isobutane, respectively. A Gaussian function was fit to the data. The standard deviation of o(x) = 0.141 mm for argonisobutane and o(x) = 0.234 mm for xenon-CH4 are a measure of the spatial resolution attained with the drift chambers. The better result obtained with the argon-isobutane runs is partly due to the fact that the drift velocity variations have not been completely compensated for in the xenon-CH4 mixture. The velocity variations are clearly seen in Fig. 7 which shows the position deviation of the measured position from the fit line, assuming a constant drift velocity, plotted as a function of the distance from the anode. The xenon-C114 mixture shows a stronger deviation, and this has an adverse effect on the spatial resolution measured. The spatial resolution obtained with individual frames is better than the overall spatial resolution, probably due to higher efficiency of some frames. For the case of xenon-C114 , the best spatial resolution obtained for a single frame is o(x) = 0.163 mm, and for the runs with argon-isobutane it is u(x) = 0.130 mm. Fig. 8a shows the dependence of the spatial resolution on the incident angle of the cosmic ray track for both argon-isobutane and xenon-CH4 runs. Although for small angles the dependence is small, the spatial resolution degrades for large angles. An algorithm to improve the large angle resolution is not yet optimized.
The spatial resolution is also shown as a function of the drift distance in Fig. 8b . The spatial resolution for the argon-isobutane run is nearly constant over the drift distance. However, for the xenon data there is some degradation near the edges of the drift cell. This degradation of position resolution could be due to an incomplete correction of the drift velocity over the entire drift cell.
IV. CONCLUSION
The successful demonstration of the 1/2 m x 1/2 m xenon drift chamber stack assembly as a track imaging system is a major step towards completing the design of a future high energy gamma ray telescope using SPIE Vol. 2305 /9 Fig. 7 . Deviation of the measured drift velocity for both argon-isobutane and xenon-CH4 drift chambers. Future work will include the operation of the drift chamber stack at higher Xe gas pressures, necessary to detect gamma-rays. Mixtures of xenon with CR4 and other gases, such as CO2 , at various concentrations will be studied to improve the spatial resolution. An accelerator test using a gamma-ray beam is planned for the following year to determine the single photon angular resolution as a function of both energy and angle. Alternative designs of the track imaging system will also be considered, such as the use of thin metal foil converters, for pair conversion between the drift chambers. One approach would be to 
